Abstract. Thermally induced diffusion through the Si-on-Mo interface of multilayers with either amorphous or polycrystalline Mo layers has been investigated using grazing incidence and wide angle x-ray reflectometry. Diffusion through the Mo-on-Si interface was reduced by applying a diffusion barrier, allowing us to probe the diffusion at the opposite, Si-on-Mo interface. We found that diffusion through this interface is much slower for polycrystalline Mo than for amorphous Mo layers. The reason for this difference might be the larger defect concentration in amorphous Mo as compared to crystalline Mo.
Introduction
Extreme ultraviolet lithography (EUVL), designed to operate at a wavelength of around 13.5 nm, is a serious candidate for next generation projection lithography systems to be applied in the semiconductor industry [1] . The optics in EUVL systems contain reflective multilayer coatings basically consisting of alternating Mo and Si layers. The theoretical multilayer reflection for 13.5 nm is 74%: in practice the reflectivity is limited to below 70% due to interface roughness as well as interaction of Mo and Si at the interfaces, where a molybdenum silicide is formed [2] . This molybdenum silicide formation is known to further accelerate at the enhanced temperatures that multilayers are exposed to under high intensity EUV illumination, leading to further reduction of the reflectivity as well as a change in the period of the multilayer. This causes the wavelength where maximum reflectivity occurs to deviate from the target value of 13.5 nm.
Improvement of Mo/Si coatings in this respect requires fundamental knowledge on the structure of the deposited layers as well as a detailed understanding of the processes that take place at the interfaces during deposition. It is already known from literature that amorphous Si layers are formed during deposition, whereas the Mo layer crystallizes above a critical thickness of about 2 nm [3, 4] . For crystalline Mo, it is also known that the formed Mo-on-Si interface is about 1 nm thick, while the formed Si-on-Mo interface is about 0.5 nm thick. When Mo is amorphous however, both interfaces are about 1 nm thick [5, 6, 7] .
Knowledge on the exact nature of interface formation is critical in understanding and controlling the processes that occur at the enhanced temperatures to which multilayer coatings will be exposed during EUV illumination. Previous studies on the thermal behaviour of Mo/Si multilayers showed that when Mo is crystalline the growth of the interface due to diffusion at the interfaces is much faster through the thick Mo-on-Si interface than through the thin Si-on-Mo interface [5] . As high temperature applications of multilayers might require thick diffusion barriers, the Mo layer thickness generally needs to be reduced to maximize the reflectivity and this may bring the Mo layer thickness below the critical thickness value for crystallization. In this paper we report on a study of the diffusion speed through the Si-on-Mo interface in multilayers with amorphous Mo layers. We do this by applying a Si 3 N 4 barrier which has shown to reduce diffusion at the Mo-on-Si interface [4] and is used as an example barrier in this study. The single sided applied barrier allows us to uniquely isolate the diffusion phenomena to one type of interface only. This is required in view of the asymmetry described above between the two types of interfaces.
Experimental
All samples were prepared by electron-beam evaporation, using a coater with a controlled UHV environment (base pressure < 2 · 10 −8 mbar). The thicknesses of the layers are controlled by an in-situ X-ray reflectometer that monitors x-ray reflection of the sample during multilayer growth. In addition, quartz mass balances are used to monitor layer thicknesses during the deposition. The sample holder rotates at 1 Hz to ensure a homogeneous coating in the azimuth direction. A detailed description of the setup can be found in [8] . The multilayers were deposited on 25x25mm 2 super-polished silicon substrates.
Multilayers with different Mo thicknesses are made in order to obtain both crystalline and amorphous Mo layers. A deposition flux shaping mask was used during the deposition of Mo in order to create a linear Mo thickness gradient from 3.6nm-1.6nm on the samples mounted on the holder. To reduce the interface roughness during deposition, every Si layer was smoothened using a Kr ion beam. After polishing, the Si thickness 4.5 nm. The Si 3 N 4 interface on Si was created by ion treatment with nitrogen directly after the Kr surface smoothening. More details on the process of nitride formation and the actually formed stoichiometries will be presented elsewhere.
To characterize the diffusion speeds through Mo-on-Si interface, all samples were sequentially annealed in a vacuum environment (< 10 −5 mbar) for 48h at temperatures between 300°C and 375°C with steps of 25°C. This method is applied to accelerate the diffusion phenomena, since the diffusion scales exponentially with temperature [9] . It is already known [4] that annealing either sequentially or directly to a final temperature does not result in a noticeable difference in multilayer structure after annealing. After each 25°C step, the multilayer structure is analyzed using grazing incidence X-ray reflectivity (GIXR) on a Philips X'pert Cu-K α diffractometer using a wavelength of 0.15406 nm. The crystalline structure of the layers is investigated using wide angle X-ray diffraction (WAXRD) on the X'pert diffractometer. During WAXRD measurements an incident angle of 1 • is used to maximize diffracted intensity. The sample is rotated 20 • in the sample plane in order to suppress diffraction from the crystalline Si substrate.
Results and discussion Figure 1 shows WAXRD spectra of Mo/Si multilayers in which a Si 3 N 4 diffusion barrier is applied on the Mo-on-Si interface to reduce diffusion through this interface. For Mo thicknesses of 2.2, 2.8 and 3.4 nm, the spectra clearly indicate the formation of bcc polycrystalline Mo layers. For a Mo thickness of 1.4 nm, the diffraction spectrum does not suggest polycrystalline Mo growth. We pose here that in this case predominantly amorphous Mo layers are formed. Figure 2 shows the change in multilayer period as a function of the annealing temperature for multilayers with a single-sided Si 3 N 4 diffusion barrier and a multilayer without barriers as a reference. The diffusion through the Mo-on-Si interface is stopped, or at least hampered by the barrier. Therefore the change in multilayer period that is caused by diffusion is expected to be much smaller than that for a multilayer without barriers, because this interface has shown to grow slower than the Si-onMo in HRTEM studies [5] . For crystalline Mo, the period change is indeed reduced compared to a multilayer without diffusion barriers, as reported in [4] . In the case of amorphous Mo however, diffusion is equally fast for a multilayer without barriers. Clearly, diffusion through the Si-on-Mo interface is much faster when the Mo layer is amorphous. This shows that indeed the crystallinity of the Mo layer has a large influence on the diffusion behaviour through the interfaces of a Mo/Si multilayer. The Si-on-Mo interface is thicker, and is a less effective diffusion barrier during thermal annealing when Mo is amorphous, than when Mo is crystalline.
A possible explanation for the observed differences in diffusion speed is the defect concentration in the Mo layer. It is a well known phenomenon that the diffusion speed through crystalline material is dependant on the amount of defects [10] , since atoms are known to hop from one defect to the other. This makes diffusion through a polycrystalline material faster compared to diffusion through a fully crystalline lattice, because it has more defects around the grain boundaries. The amorphous state of materials has even more defects than a polycrystalline state and therefore it would be expected that in the amorphous state diffusion is faster.
Conclusions
We investigated the diffusion through the Si-on-Mo interface in multilayers with amorphous and polycrystalline Mo, depending on the initial thickness of the Mo layer in the multilayer samples. To study this phenomenon at a single type of interface, possible diffusion through the opposite, in this case the Mo-on-Si interface was reduced by applying a Si 3 N 4 diffusion barrier. The diffusion in the multilayers was investigated by thermal annealing followed by analysis using GIXR. We show a clear difference in diffusion speed through the Si-on-Mo interface for crystalline and amorphous Mo layers. When Mo is crystalline the diffusion through the Si-on-Mo interface is slow, but when the Mo is amorphous, the diffusion is considerably faster. The explanation posed for this difference is the higher defect concentration in amorphous Mo as compared to crystalline Mo.
